Extracellular adenosine is a potent immunosuppressor that accumulates during tumor growth. We performed proof-of-concept studies investigating the therapeutic potential and mechanism of action of monoclonal antibody (mAb)-based therapy against CD73, an ecto-enzyme overexpressed on breast-cancer cells that catalyzes the dephosphorylation of adenosine monophosphates into adenosine. We showed that anti-CD73 mAb therapy significantly delayed primary 4T1.2 and E0771 tumor growth in immune-competent mice and significantly inhibited the development of spontaneous 4T1.2 lung metastases. Notably, anti-CD73 mAb therapy was essentially dependent on the induction of adaptive anti-tumor immune responses. Knockdown of CD73 in 4T1.2 tumor cells confirmed the tumor-promoting effects of CD73. In addition to its immunosuppressive effect, CD73 enhanced tumor-cell chemotaxis, suggesting a role for CD73-derived adenosine in tumor metastasis. Accordingly, administration of adenosine-5′-N-ethylcarboxamide to tumorbearing mice significantly enhanced spontaneous 4T1.2 lung metastasis. Using selective adenosine-receptor antagonists, we showed that activation of A2B adenosine receptors promoted 4T1.2 tumorcell chemotaxis in vitro and metastasis in vivo. In conclusion, our study identified tumor-derived CD73 as a mechanism of tumor immune escape and tumor metastasis, and it also established the proof of concept that targeted therapy against CD73 can trigger adaptive anti-tumor immunity and inhibit metastasis of breast cancer.
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adenosine | cancer | chemotaxis | immunosuppression | regulatory T he release of extracellular adenosine triphosphates (ATP) in response to cell death or cellular stress acts to activate immune responses (1, 2) . In contrast, the hydrolysis of extracellular ATP into adenosine, a potent immunosuppressor, acts as a negativefeedback mechanism to prevent excessive inflammation and tissue damage (3) (4) (5) . Adenosine is generated in response to hypoxia, and it mediates its biological effects through four distinct receptors: pertussis toxin-sensitive A1 and A3 receptors and adenylyl cyclaseactivating A2A and A2B receptors (6, 7) . Extracellular adenosine accumulates in cancerous tissues and constitutes an important mechanism of tumor immune escape (8, 9) . Among other effects, tumor-derived adenosine profoundly inhibits anti-tumor T cells through A2A adenosine receptors (8, 10) . Accordingly, genetic deletion of A2A receptors can induce spontaneous T celldependent tumor rejection (8) .
Despite the profound immunosuppressive and tumor-promoting effects of adenosine, the development of therapeutic strategies aimed at inhibiting adenosine-mediated immunosuppression has not been thoroughly explored in the context of cancer (6) . Given the short halflife of adenosine, we here propose the development of targeted therapies against the ecto-enzyme CD73 (ecto-5′-nucleotidase) that catalyzes the dephosphorylation of extracellular nucleoside monophosphates into nucleosides such as adenosine. CD73 is a 70-kDa glycosylphosphatidylinositol (GPI)-anchored protein normally expressed on endothelial cells and subsets of hematopoietic cells (11, 12) . CD73 is up-regulated by hypoxia-inducible factor (HIF)-1α (13, 14) and after exposure to type I interferons (15) . In steady state, CD73 regulates vascular barrier function (14, 16) , restricts lymphocyte migration to draining lymph nodes (17) , and stimulates mucosal hydration (18) .
CD73 expression on tumor cells has been reported in several types of cancer, including bladder cancer (19) , leukemia (20) , glioma (21), glioblastoma (22) , melanoma (23) , ovarian cancer (24) , thyroid cancer (25) , esophageal cancer (26) , prostate cancer (27) , and breast cancer (28, 29) . Notably, CD73 expression has been associated with a prometastatic phenotype in melanoma and breast cancer (23, 30, 31) . Although in vitro studies have suggested that CD73 expression can enhance breast-cancer cell migration and invasion (29) , the mechanisms by which this occurs have remained elusive. In breast-cancer cells, CD73 expression has been shown to be regulated by estrogen receptors (ER), whereby loss of ER significantly enhances CD73 expression (28) . We here investigated the immune-modulatory and prometastatic effects of CD73 on breast-cancer cells and evaluated, as a proof-of-concept study, the therapeutic potential and mechanism of action of anti-CD73 monoclonal antibody (mAb)-based therapy.
Results

Anti-CD73 mAb Therapy Inhibits Tumor Growth and Spontaneous
Metastasis. Cell-surface expression of CD73 was analyzed by flow cytometry on mouse breast-cancer cell lines. In vitro, 4T1.2 and E0771 cells, in contrast to a nonmetastatic variant of 4T1.2 (i.e., 67NR cells) (32) , expressed high levels of CD73 (Fig. S1A ). CD73-proficient 4T1.2 tumor cells, in contrast to 67NR cells, triggered the production of extracellular adenosine that was significantly inhibited by the CD73 inhibitor APCP (Table S1) or the anti-CD73 mAb clone TY/23 ( Fig. S1 B-E) . Notably, TY/23 also significantly decreased cell-surface expression of CD73, as determined by flow cytometry using a different anti-CD73 mAb (clone TY11.8) recognizing a distinct epitope (Fig. S1F ). We investigated whether or not administration of anti-CD73 mAb TY/23 inhibited 4T1.2 and E0771 tumor growth in immunecompetent mice. As shown in Fig. 1 , anti-CD73 mAb therapy significantly delayed 4T1.2 ( Fig. 1A) as well as E0771 (Fig. 1B) primary tumor growth. Because CD73 has been suggested to play a role in tumor metastasis (23, 30, 31) , we investigated the effect of anti-CD73 mAb therapy on spontaneous 4T1.2 lung meta-stasis; 4T1.2 can readily and spontaneously metastasize after s.c. inoculation. Remarkably, anti-CD73 mAb therapy significantly decreased the number of spontaneous 4T1.2 lung metastases ( Fig. 1C and Fig. S2 ), even when primary tumors were of equivalent sizes (Fig. 1D ).
Anti-CD73 mAb Therapy Requires Adaptive Immunity. Despite its anti-tumor activity in mice, anti-CD73 mAb treatment did not significantly affect 4T1.2 or E0771 tumor growth in vitro as measured by thymidine incorporation assays ( Fig. 2A) . Likewise, treatment with the CD73 inhibitor APCP also did not affect 4T1.2 or E0771 tumor growth in vitro ( Fig. 2A) . Given the immunosuppressive effect of adenosine generated by CD73, we hypothesized that the in vivo anti-tumor activity of anti-CD73 mAb was dependent on the generation of anti-tumor immune responses. To test our hypothesis, 4T1.2 and E0771 tumors were established in severe-combined immunodeficient (SCID) mice and treated with anti-CD73 mAb. As shown in Fig. 2 , anti-CD73 mAb therapy was ineffective against primary 4T1.2 (Fig. 2B) or E0771 (Fig. 2C ) tumors in SCID mice, whereas it had a modest, albeit significant, anti-metastatic effect (Fig. 2D) . Our data thus support the development of an adaptive anti-tumor immune response posttherapy with anti-CD73 mAb administration. In addition, our data showed that anti-CD73 mAb therapy inhibited spontaneous lung metastasis independently of its effect on adaptive immunity.
Tumor-Derived CD73 Inhibits Tumor Immunosurveillance. To further assess the immunosuppressive effect of tumor-derived CD73, we generated 4T1.2 tumor cells expressing a short-hairpin (sh) RNA against CD73. Flow cytometry analysis and TLC confirmed knockdown of CD73 expression and enzymatic activity, respectively (Fig. S3 ). As shown in Fig. 3A , knockdown of CD73 in 4T1.2 cells significantly decreased tumor growth in immunecompetent mice. Consistent with our data with anti-CD73 mAb treatment, knockdown of CD73 in 4T1.2 cells had no impact on primary tumor growth in SCID mice (Fig. 3B ), but it still significantly inhibited spontaneous lung metastasis (Fig. 3C ). To investigate whether or not the prometastatic effect of CD73 was dependent on the suppression of natural killer (NK) cell function, SCID mice were depleted of NK cells using anti-asialo-GM1 (αGM1) antibody ( Because host cells can express CD73, we next investigated whether or not anti-CD73 mAb therapy was effective against breast tumors that did not express CD73. For this purpose, mice were injected with 67NR tumor cells, a nonmetastatic variant of 4T1.2 (32) , and were treated with anti-CD73 mAb. As shown in Fig. 3D , anti-CD73 mAb therapy was ineffective against 67NR tumors. Taken together, our data strongly suggest that tumorderived CD73 is a potent suppressor of adaptive tumor immunosurveillance, CD73 promotes tumor metastasis independently of its effect on adaptive immunity or NK cells, and anti-CD73 mAb therapy targets tumor-derived CD73.
Anti-CD73 mAb Therapy Is Dependent on A2A on Hematopoietic Cells.
Because the immunosuppressive effect of adenosine largely depends on the expression of A2A adenosine receptors on hematopoietic cells (8), we investigated whether or not anti-CD73 mAb therapy was effective in mice lacking A2A receptors on hematopoietic cells. For this purpose, wild-type mice were irradiated and transplanted with bone-marrow cells isolated from congeneic A2A-deficient mice. After bone-marrow reconstitution (Fig. S5 ), mice were inoculated with E0771 tumor cells and treated with anti-CD73 mAb as described above. Compared with mice reconstituted with wild-type bone marrow (Fig. 4A) , anti-CD73 mAb therapy was ineffective in mice reconstituted with A2A-deficient bone marrow (Fig. 4B) , suggesting a role for host hematopoietic A2A adenosine receptors.
CD73 Promotes Tumor Cell Migration and Metastasis. Our observation that CD73 enhances lung metastasis independently of its effect on adaptive immune cells and NK cells led us to further investigate the role of CD73 in tumor-cell migration. Using in vitro transwell assays, we showed that CD73 inhibition with anti-CD73 mAb or APCP significantly suppressed 4T1.2 tumor-cell chemotaxis (Fig.  5A) . Interestingly, addition of apyrase, which hydrolyzes extracellular ATP, also significantly suppressed 4T1.2 tumor cell chemotaxis (Fig.  5A ). The addition of exogenous adenosine (ADO) significantly enhanced 4T1.2 chemotaxis in response to FCS (Fig. 5A ), but it had no effect in the absence of FCS (Fig. 5B) . Knockdown of CD73 in 4T1.2 cells also significantly inhibited their ability to migrate in response to FCS (Fig. 5B ). Consistent with a role for adenosine in promoting tumor metastasis, administration of the adenosine analog NECA to 4T1.2 tumor-bearing mice significantly increased the number of spontaneous lung metastases (Fig. 5C ) without any effect on primary tumor growth (Fig. S6A) . Real-time PCR analysis revealed that 4T1.2 tumor cells expressed A1 and A2B adenosine receptors but not A2A or A3 adenosine receptors (Fig. 5D ). Treatment of 4T1.2 cells with the A2B antagonist PSB1115 significantly decreased in vitro chemotaxis, whereas treatment with the A1 antagonist DPCPX had no effect (Fig. 5E ). Consistent with a role for A2B receptors in promoting tumor metastasis, in vivo administration of the A2B antagonist PSB1115 to 4T1.2 tumor-bearing mice significantly reduced the number of spontaneous lung metastases, whereas administration of the A1 antagonist DPCPX had no effect (Fig. 5F ). PSB1115 and DPCPX did not significantly affect primary 4T1.2 tumor growth ( Fig. S6 B and C) . Taken together, our data strongly suggest that the generation of extracellular adenosine by tumor-derived CD73 promotes breast-cancer metastasis to the lungs through the activation of A2B adenosine receptors.
Discussion
Herein, we have identified tumor-derived CD73 as a mechanism of tumor immune escape. We showed that CD73 expression on breast-cancer cells significantly inhibits endogenous adaptive anti-tumor immunosurveillance. In addition to its immunosuppressive effect, we have shown that CD73-derived adenosine enhances tumor-cell migration in vitro and metastasis in vivo through the activation of A2B adenosine receptors. Finally and most importantly, we have established the proof of concept that targeted therapy against tumor-derived CD73 can trigger adaptive anti-tumor immunity and significantly inhibit spontaneous lung metastasis of breast cancer. The data presented here support previous studies that established extracellular adenosine as an important axis in tumor immune escape (8) . Targeting tumor-derived CD73 may thus constitute an additional means to inhibit tumor immune escape, especially when tumor cells express high levels of CD73 such as ER-negative breast cancer. Blocking CD73, for instance, with a specific mAb, may rescue endogenous anti-tumor immune responses. Notably, the therapeutic efficacy that we have observed with anti-CD73 mAb as a single agent is comparable with the efficacy of other forms of immunotherapy using immune-stimulating antibodies such as anti-CD40 mAb or anti-41BB mAb against 4T1.2 breast tumors (33) . In human cancer patients, however, endogenous immune responses to tumor antigens may be insufficient. Targeted CD73 therapies may, therefore, be most effective combined with other forms of immune- stimulating therapies, such as adoptive T cell transfer, immuneactivating mAbs, cytokine therapy, or chemo-immunotherapy.
We propose that targeting CD73 will further synergize with standard and more recent cancer treatments. Accordingly, CD73 has been shown to increase the resistance of breast-cancer cells to doxorubicin (34) . Although not fully understood, the increased resistance of CD73-expressing cancer cells to doxorubicin may reflect the high ATP requirement of multidrugresistance cassettes and the resulting need for purine-salvage mechanisms in cancer cells. Under these conditions, purine salvage may require the combined action of ecto-enzymes such as CD73 and dipyridamole-sensitive carriers. Recently, CD73 has also been shown to enhance the resistance of Jurkat leukemia cells to tumor necrosis factor-related, apoptosis-inducing ligand (TRAIL)-mediated apoptosis (20) . Intriguingly, this seems to be independent of the enzymatic activity of CD73, but dependent on the colocalization of CD73 with the TRAIL receptor DR5. Targeting CD73 with a mAb would potentially disrupt this interaction and enhance the therapeutic activity of proapoptotic receptor agonists such as TRAIL.
An important finding of our study is that adenosine and A2B adenosine receptors promoted spontaneous lung metastasis of 4T1.2 breast tumors. Others have previously shown that CD73 expression in breast tumor cells is associated with increased migratory potential (31) . For instance, Zhi et al. (35) reported that small interfering RNA-mediated knockdown of CD73 in MB-MDA-231 human breast-cancer cells prevented their adhesion to extracellular matrix and inhibited their migration. However, previous studies did not address the mechanism of action by which CD73 may modulate tumor-cell migration. Our data confirmed a role for CD73 in regulating spontaneous breast-cancer cell metastasis to the lungs. Unlike other mouse models of breast cancer, 4T1.2 tumors can readily and spontaneously metastasize in immune-competent mice, closely mimicking human breast cancer. Our data suggest that the release of extracellular ATP from tumor cells and its subsequent hydrolysis into adenosine by tumor-derived CD73 enhances tumor-cell chemotaxis. The importance of extracellular ATP was evidenced by the decreased migratory potential of 4T1.2 cells treated with soluble apyrase, which hydrolyzes extracellular ATP and ADP. The effect of apyrase was somewhat unanticipated, because apyrase is expected to generate AMP, the substrate for CD73, and therefore increase adenosine levels. However, exogenous adenosine was clearly insufficient to trigger tumor-cell migration. Furthermore, in the presence of FCS, exogenous adenosine could only partly rescue chemotaxis of 4T1.2 cells when combined with apyrase. Our results are thus consistent with a model where both ATP-mediated and adenosine-mediated signaling act together to amplify chemotaxis. In this regard, our data are reminiscent of what has been previously described for neutrophils, whereby the release of extracellular ATP in response to a chemoattractant and its hydrolysis into adenosine act in concert to amplify the migratory cue (36) . In 4T1.2 tumor cells, blocking A2B adenosine receptors significantly inhibited chemotaxis in vitro, suggesting that CD73-derived adenosine mediates its amplifying effect through A2B adenosine receptors. In vivo, activation of A2B receptors expressed on nontransformed host cells, such as endothelial cells, may also play an important role in tumor metastasis. It remains unclear at this point whether or not A2B adenosine receptors can promote metastasis of cancer cells from different tissues or metastasis to organs other than the lungs. We are also investigating the mechanism by which A2B activation and ATP signaling may promote tumor-cell migration. A2B adenosine receptors may act to enhance the levels or the nature of chemokine receptors (37) , or modulate the surface expression of a peptidase, such as dipeptidyl peptidase IV (DPPIV), which can then alter the function of chemokines (38) . Alternatively, A2B adenosine receptors may enhance tumor-cell motility through intracellular accumulation of cAMP and the activation of cAMP-dependent protein kinase A (PKA). Indeed, PKA-mediated phosphorylation of α4 integrins has been shown to be necessary for directional cell migration (39, 40) .
Although our data strongly suggest that adenosine generated by CD73 enhances tumor-cell chemotaxis, the effect of CD73 on tumor metastasis in vivo may extend beyond its enzymatic activity. For instance, CD73 may directly enhance the adhesion of tumor cells to endothelial cells, thereby promoting their migration across the vascular endothelium. Indeed, earlier work showed that CD73 can promote the binding of human lymphocytes to endothelial cells in an lymphocyte function-associated antigen-1-dependent fashion (41) . CD73 seems to play an important role in endothelial extravasation. This was recently suggested as the cause of resistance of CD73-deficient mice to experimental autoimmune encephalomyelitis (EAE) (42) . Through the production of adenosine and the activation of adenosine receptors on endothelial cells, it was suggested that CD73 can trigger adhesion molecules such as ICAM-1 on endothelial cells (42) .
In conclusion, the shift in the supply and demand of metabolites, such as glucose and oxygen, that is associated with tumor growth often results in the production of extracellular adenosine. One of the major sources of extracellular adenosine is the hydrolysis of extracellular AMP by CD73. We here showed that tumor-derived CD73 plays an important role in regulating both tumor immunosurveillance and tumor metastasis and anti-CD73 mAb therapy can stimulate endogenous anti-tumor immune responses and prevent spontaneous lung metastasis. We propose that targeting tumor-derived CD73 may constitute an effective means in combination with other therapeutic strategies to enhance endogenous anti-tumor immune responses and improve the treatment of metastatic breast cancer.
Materials and Methods
Cell Lines, Animals, and Antibodies. 4T1.2, E0771, and 67NR mouse breastcancer cell lines were kindly provided by Robin Anderson (Peter MacCallum Cancer Centre, East Melbourne, Victoria, Australia) and have been previously described (32, 43) . 67NR cells were confirmed to be nonmetastatic (32) . BALB/c, C57BL/6, and SCID mice were bred and maintained at the Peter MacCallum Cancer Centre (Melbourne, Australia). A2A-deficient mice were kindly provided by J.F. Chen (Boston, MA) and bred and maintained at St. Vincent's Hospital (Melbourne, Australia). CD73 expression was assessed using phycoerythrin (PE)-conjugated anti-mouse CD73 mAb (clone TY/23; BD Bioscience) and Pacific-blue-conjugated anti-mouse CD73 mAb (clone TY/ 11.8; BD Bioscience). PE-conjugated anti-mouse CD45.1 (A20), fluorescein (FITC)-conjugated anti-mouse Gr1 (RB6-8C5), FITC-conjugated anti-mouse CD4 (L3T4), and FITC-conjugated anti-mouse CD8 (53-6.7) were purchased from BD Bioscience. FITC-conjugated anti-mouse CD11b (M1/70) and allophycocyanin (APC)-conjugated anti-mouse CD45.2 (104) were purchased from eBioscience. Purified anti-CD73 mAb (clone TY/23) and control Ig (clone MAC4) were produced in house as previously described (44) . TY/23 hybridoma was generously provided by Linda H. Thompson (Oklahoma City, OK). Relative CD73 expression was determined by flow cytometry on at least 5,000 cells using DIVA software and expressed using the formula of median intensity of treated cells over median intensity of untreated cells.
Chromatography. For TLC, tumor cells (10 4 cells per well) were seeded overnight in a 24-well plate in complete medium. The next day, cells were replenished with fresh medium with or without anti-CD73 mAb (TY/23) or alpha,beta-methylene ADP (APCP; Sigma-Aldrich) as indicated; 1 μCi of tritiated AMP was added to the cells, and it was incubated for 1 h before a 10-μL aliquot of substrate. Products were separated on aluminum sheets (Silica gel 60 F254; Merck) using as solvent isobutanol:isoamylalcool:ethoxyethanol: ammonia:water (9:6:18:9:15), and autoradiography was measured using a BETA-Imager 2000 counter (Biospace). Data were analyzed using β-vision + software (Biospace), and CD73 activity was calculated using the formula One hour later, supernatants were collected, and substrate and products were separated as previously described (16) .
In Vitro Proliferation Assays. 4T1.2 and E0771 tumor cells (10 4 cells per well)
were cultured in 96-well plates in complete media for 4 days with or without anti-CD73 mAb (TY/23) or APCP as indicated; 1 μCi of tritiated thymidine per well was added for the last 16 h. Cells were harvested using a cell harvester, and radioactivity was measured using a Chameleon beta-counter (Hidex Ltd.).
In H-purin-8-yl)-benzenesulfonic acid potassium salt (PBS1115; Tocris) at 10 mg/kg intraperitoneally, or 2-chloro-N(6)-cyclopentyladenosine (DPCPX; Sigma-Aldrich) at 1 mg/kg intraperitoneally diluted in PBS 0.1% DMSO. Doses were based on previous studies in mice (45, 46) . Treated mice did not display any signs of distress or significant weight loss. For bone-marrow reconstitution, wildtype mice (CD45.1) were irradiated (17.6 Gy from a 137 Cs source) and injected i.v. with 2 × 10 6 bone-marrow cells derived from congenic wild-type mice or previously described A2A-deficient gene-targeted mice (47) . The resulting chimeric mice were housed in microisolators for 8 weeks before experimentation.
CD73 Knockdown. Mouse CD73 shRNA (TI589875) and control shRNA (TR30003) constructs were purchased from Origene Technologies and cloned into a previously described murine stem cell virus retroviral vector (44) . Phoenix-Eco 293 packaging cells were used to gene modify 4T1.2 tumor cells, and puromycinresistant cells were expanded. For in vivo experiments, 10 5 gene-modified 4T1.2 cells were injected s.c. in wild-type BALB/c or SCID mice. For NK cell depletion, SCID mice were injected with 200 μL of control rabbit serum or rabbit anti-asialo-GM1 antibody according to the manufacturers' instructions (Wako Chemicals) 1 day before, 1 day after, and 7 days after tumor inoculation; depletion was confirmed by flow cytometry using APC-conjugated anti-DX5 mAb (BD Biosciences).
In Vitro Chemotaxis Assays. Tumor cells (2 × 10 5 cells) were plated in serumfree media in the top chamber of a 24-well transwell plate with 8-μm pores (Corning Costar) and exposed to 5% FCS in the lower chamber. After 4 h, cells on the top of the filter were scraped using cotton wool, and cells on the lower filter were fixed, stained with DAPI, and counted under fluorescence microscopy. When indicated, 40 μM APCP, 100 μg/mL anti-CD73 mAb (TY/23), 20 units/mL apyrase (Sigma-Aldrich), 0.1 μM adenosine (Sigma-Aldrich), PSB1115 (Tocris), or DPCPX (Sigma-Adrich) were added to the top chamber.
Real-Time PCR. RNA was extracted using the RNeasy Mini Kit (Qiagen). Oligonucleotides and Taqman probe mix specific for mouse A1 (Mm01308023_m1), A2A (Mm00802075_m1), A2B (Mm01285229_s1), and A3 (Mm00802076_m1) adenosine receptors and mouse β-actin (4352933E) were purchased from Applied Biosystems. PCR reactions were performed using 7500 Fast Real-time PCR System (Applied Biosystems). Gene-expression relative quantification was determined as previously described (36) using the comparative Ct method and normalized to endogenous β-actin level using 7500 Fast System SDS Software (Applied Biosystems) and expressed in arbitrary units using the formula: (2 −(average Ct adenosine receptor − average Ct β-actin)
) × 10,000. Dilutions of cDNA from 4T1.2 cells were amplified in triplicates by real-time PCR using primers and probes for A1, A2b, and β-actin to compare PCR efficiencies and to validate the use of the comparative Ct method for relative quantification. Efficiencies were calculated as 100% for A1, 79% for A2b, and 85% for β-actin. 
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